One sentence summary: Structure of bacterial communities in black and red epilithic biofilm in the Acquarossa river (Viterbo, Italy) has been investigated with both culture dependent and independent approaches.
INTRODUCTION
Understanding the ecological processes that lead to the structure and the function of microbial communities in the environment is a field that raised great interest in recent years, due to the crucial roles that they play in natural ecosystems, human health and industrial biotechnology (Kastman et al. 2016; Widder et al. 2016) . Interestingly, biotic interactions among microbes have been widely described as a force driving the structuring of environmental communities (Maida et al. 2016 and references therein) . The assemblage of strains in a microbial community is the result of many factors such as random drift, selection by abiotic conditions, and biotic interactions (Stoodley et al. 2002) . Abiotic conditions have largely been studied in the past years (e.g. Mathur et al. 2007; Rubin and Leff 2007) ; they vary depending on many factors (e.g. environmental conditions) and can be manipulated at lab scale to understand their influence on bacterial community composition . On the other hand, the complexity of biotic interactions, which play a major role by altering the structure and the degree of organization of complex communities, are challenging to investigate at lab scale and difficult to understand (Moënne-Loccoz et al. 2015; Battin et al. 2016) . Epilithic biofilms are microbial communities (Battin et al. 2007 ) whose structure and composition have been investigated (e.g. Kobayashi et al. 2009; Ledger and Hildrew 1998) leading to the suggestion that structure and composition of river epilithic biofilms can vary in response to many factors, such as anthropogenic nutrient and organic matter (Kobayashi et al. 2009 ). Geographical factors, related for example to the altitudinal gradient, play also an important role in the composition and diversity of epilithic communities (Bartrons, Catalan and Casamayor 2012; Besemer et al. 2013; Wilhelm et al. 2015) . Moreover, the interaction between prokaryotic and eukaryotic microbial communities in epilithons has been recently investigated (Zancarini et al. 2017) . Epilithic biofilm of the Acquarossa river (Viterbo) are particularly intriguing in terms of spatial structuring. Interestingly, they form two physically separated colored biofilms, that are in part red and in part black colored. Black and red epilithons can be found on the rocks very close to each other, but they do not blend together, maintaining a well-defined borderline. This peculiarity has raised questions about the biotic and abiotic phenomena that might avoid the mixing of the two biofilms. The Acquarossa site is characterized by the presence of an ancient Etruscan village (625-550 B.C.), historically known for its metallurgic activity (Harrison, Cattani and Turfa 2010) , which caused a contamination due to the spread of significant amounts of undesirable heavy metals, especially arsenic, into the environment (Hook 2007) . The river is also characterized by a high iron concentration, conferring a red color to the water and giving to the river its name Acquarossa, that in Italian stands for 'red water'. From a scientific viewpoint, there is an almost complete lack of information on this site, especially concerning the biological and environmental features; indeed, most of the available literature focuses on its archaeological and historical characteristics (e.g. Staccioli 1976; Meyers, 2003 Meyers, , 2013 ).
The few available information on the Acquarossa site are mainly focused on the biological aspects and characteristics of the whole environment; the lack of information on the microbiological aspects of the river arose great interest in this unexplored site.
For these reasons, the goal of this study is to assess the characterization of the bacterial communities inhabiting this environment, focusing on the abiotic and biotic factors that may drive the structuring of black and red epilithic biofilms. To this purpose, both a culture dependent and a culture independent approach have been applied to determine the structure and composition of bacterial communities of red and black epilithon. Physico-chemical parameters were also measured in the river water and in the two biofilms. Moreover, phenotypic characterization of the main bacterial genera detected through cultivation has been assessed, focusing on resistance patterns towards heavy metals and antibiotics, and on the antagonistic interactions between the two communities.
MATERIALS & METHODS

Site and sample collection
Samples were collected on July 2016 near the Etruscan city of 'Acquarossa', 42
• 28 47.0 N 12 • 07 17.3 E. The site of naturalistic and archaeological interest is located halfway between Viterbo and the town of Grotte Santo Stefano (Viterbo, Italy). Fig. 1a shows a detail of the Acquarossa river course. Fig. 1b The concentrations of the following heavy metals were measured in black and red biofilms: Cu, Zn, As, Cd, Ni and total iron content.
All the analyzes mentioned above were performed by an external service. Determination of the concentration of heavy metals was performed according to UNI EN 13 657:2004 Extraction of genomic DNA, HTS, sequence analysis and statistical testing DNA extraction was performed from each sample by using PowerLyzer R PowerSoil R DNA Isolation Kit (MO BIO laboratories, Inc., Carlsbad, California, USA) following the manufacturer's instruction. Concentration and purity of extracted DNA were checked by 0.8% agarose gel electrophoresis. Bacterial 16S rRNA gene contains conserved sequences and nine hypervariable regions (V1-V9), whose lengths range from approximately 50-100 bases (e.g. Chakravorty et al. 2007; Petrosino et al. 2009 ). Hypervariable regions are used as molecular markers for bacterial identification in HTS analysis (e.g. Huse et al. 2008). For this reason, on the extracted DNAs the bacterial V4 region of 16S rRNA genes was amplified with specific primers (515F, TGYCAGCMGCCGCGGTAA; 806R GGACTACNVGGGTWTC-TAAT, Caporaso et al. 2011 ) using the protocol reported in the 16S Metagenomic Sequencing Library Preparation protocol from Illumina (Illumina 2013) . Library preparation and demultiplexing have been performed following Illumina's standard pipeline (Caporaso et al. 2012) . Libraries were sequenced in a single run using Illumina MiSeq technology with pair-end sequencing strategy with MiSeq Reagent Kit v3. PCR amplification, library construction and sequencing were performed by an external company (IGA Technology Services, Udine, Italy). Sequences were merged and clustered using the UPARSE pipeline (version 10.0.240) (Edgar 2013) . Reads were merged with the 'fastq mergepairs' command setting the identity threshold to 80% to account for long overlaps (2 × 300bp, V3 -V4). Low complexity reads that may have been generated during sequencing were detected and removed using the 'filter lowc' command before quality assessment. Merged reads were then quality checked using StreamingTrim 1.0 with a quality cutoff of 18 Phred (Bacci et al. 2014 ). An additional quality filtering step was performed using the 'fastq filter' command of the UPARSE pipeline with a maximum expected error threshold of 1. Obtained sequences were truncated to a fixed length of 420 in order to remove PCR primers and retain only amplicons with the expected length. Finally, sequences were clustered into Operational Taxonomic Units (OTUs) by using the 'cluster otus' command and representative sequences were taxonomically classified using the 'sintax' command along with the RDP training set (version 16). Representative sequences that were not assigned to Domain Bacteria were removed from the dataset. The OTU table was produced with the 'otutab' command.
The following analyzes were performed by using the R software version 3.4.4 (R Core Team 2014; http://www.R-project.or g). Assigned OTUs were normalized by cumulative sum scaling normalization implemented in the metagenomeSeq package (version 1.16) (Paulson et al. 2013) . Differences in OTU abundances between red and black epilithon were assessed using a zero-inflated log-normal model through the 'fitFeatureModel' function whereas different community structures were tested using permutational multivariate analysis of variance ('adonis2' function of the vegan R package, version 2.4, Dixon 2003) with 1000 permutations. Taxonomic units reporting adjusted P values lower than 0.05 were considered as characteristic of a biofilm type and were analyzed separately. Normalized counts were used for principal component analysis (PCA) after counts standardization ('decostand' function of the vegan package version 2.4). Environmental factors (black and red epilithon) were fitted onto the ordination analysis using the 'envfit' function of the vegan package (version 2.4). Bacterial diversity was estimated using R (vegan package version 2.4, Dixon 2003) . The function was used to compute the Shannon index (H) (Hill 1973 ) whereas species evenness (J) (Hill 1973) was estimated as a function of the Shannon diversity and the number of OTUs detected (S), according to the Pielou's formula J = H / log(S). Differences in bacterial diversity between black and red epilithon were tested using Student's t-test ('t.test' R function). Correlation coefficients between culture dependent and culture independent methods were computed correcting the number of reads assigned to each genus by the average number of 16S rRNA gene copies as reported in the rrnDB (Stoddard et al. 2014) . Raw data have been submitted to NCBI SRA archive under the BioProject accession PRJNA412007.
Isolation, taxonomical characterization of culturable bacterial strains and statistical analysis
Bacterial plate counts were assessed as described in in Tryptic Soy Agar (TSA) medium using 1 g of biofilm of each sample. Bacterial plate counts were carried out after 48 h incubation at 21
• C, and the t-test was applied using PAST3
software (Hammer, Harper and Ryan 2001) to check for any difference in the enumeration of culturable bacterial community between red and black epilithon. For each sample, 12-59 colonies were isolated on solid TSA medium and stored at −80 • C in glycerol (20% final concentration) for further analysis. The variable number of isolates was determined by the number of isolated colonies that could be recovered during plate count enumeration. Cell lysates of bacterial isolates were prepared by processing an isolated colony dissolved in 30 μl of distilled sterile water with thermal lysis (95 • C for 10 min, followed by cooling on ice for 5 min). For each isolated strain, the 16S rRNA gene was amplified following the protocol described in Chiellini et al. (2014) . Briefly, PCR amplification of 16S rRNA genes was carried out in 20-μl reactions using DreamTaq DNA Polymerase reagents (Thermofisher Scientific, Waltham, MA, USA) at the concentrations suggested by the company, and 0.5 μM of primers P0 (5 -GAGAGTTTGATCCTGGCTCAG) and P6 (5 -CTACGGCTACCTTGTTACGA) (Di Cello and Fani 1996) ; 1 μl of cell lysate was used as template. Amplification conditions were the following: 90-s denaturation at 95
• C, 30 cycles of 30 s at 95
s at 50
• C and 1 min at 72 • C, followed by a final extension of 10 min at 72
• C. Direct sequencing of the amplified 16S rRNA genes was performed with primer P0 by an external company (IGA Technology Services, Udine, Italy). Each 16S rRNA gene sequence was submitted to GenBank and assigned an accession number from MF964679 to MF964869. Taxonomic affiliation of the 16S rRNA gene sequences was attributed using the 'classifier' tool of the Ribosomal Database Project-RDP (Cole et al. 2014) . Alpha diversity indices (Shannon, Evenness and Chao1) were calculated using PAST3 software (Hammer, Harper and Ryan 2001) on the taxonomic composition of the cultivable fraction of bacteria from black and red epilithon (genus level). BioEdit Software (Hall 1999 ) was used to align the obtained sequences together with high-quality sequences of closely related Type Strains that were previously downloaded from the RDP database. MEGA5 Software (Tamura et al. 2011 ) was used for phylogenetic tree construction, by using the Neighbor Joining algorithm; the robustness of the inferred trees was evaluated by 1000 bootstrap resampling.
Random amplified polymorphic DNA analysis.
Random amplification of DNA fragments (Williams et al. 1990 ) was independently performed on Pseudomonas sp. and Acinetobacter sp. bacterial strains. Reactions were performed in a 25-μl total volume, as described in Chiellini et al (2014) using primer 1253 (5 -GTT TCCGCCC-3 ) (Mori et al. 1999) . For each genus, strains showing the same Random amplified polymorphic DNA (RAPD) profile were grouped together into the same haplotype. Alpha diversity indices (Shannon, Evenness and Chao1) were calculated using PAST3 software (Hammer, Harper and Ryan 2001) on the results obtained from haplotype attribution, considering the number of strains attributed to each detected haplotype.
Phenotypic characterization of Acinetobacter and Pseudomonas spp. bacterial strains: resistance to antibiotics and heavy metals, and antagonistic interactions
The resistance patterns to six antibiotics and to six different heavy metals were obtained through the broth microdilution methods in Muller Hinton Broth (MHB), according to the protocols of Clinical and Laboratory Standards Institute (Jorgensen 1993) . Briefly, 96-well plates were used for the experiments. Each well contained 10 μl of bacterial inoculum and 90 μl of MHB medium enriched with each tested substance at different concentrations, in order to obtain the requested final concentration in each well. The bacterial inoculum was prepared by dissolving in liquid MHB the isolated bacterial colonies after 48 h growth at 21
• C in solid medium; when the suspension was adjusted to 0.5 McFarland (corresponding to 1 × 10 8 CFU/mL), a 1:20 dilution in MHB medium was then performed, in order to yield 5 × 10 6 CFU/mL in a volume of 10 μl. The final test concentration of bacteria was approximately 5 × 10 5 CFU/mL.
Six antibiotics belonging to different classes and having different cellular targets were chosen and tested at different concentrations: Tetracycline (0.5-1.25-2.5-5-12.5-25 μg/ml), Chloramphenicol (1-2.5-5-10-25-50 μg/ml), Rifampicin (5-10-25-50-100 μg/ml), Ciprofloxacin (0.5-1-2.5-5-10 μg/ml), Streptomycin and Kanamycin (0.5-1-2.5-5-10-50 μg/ml).
Six different heavy metals were chosen and tested at the following concentrations: Cu (CuCl 2 -1-2.5-5-10 mM), Ni (NiCl 2 5-10-15-25 mM), Zn (ZnSO 4 5-10-15-25 mM), Cd (Cd(NO 3 ) 2 1-2.5-5-10 mM), As (V) (KH 2 AsO 4 0.5-1-2.5-5-7.5-10-12.5-25 mM) and As (III) (NaAsO 2 0.5-1-2.5-5-10-15) mM. Results from Broth microdilution methods applied for antibiotics and heavy metals were validated by using TECAN microplate reader (Tecan, Durham, USA) at 600 nm wavelength, after 48 h incubation at 21
• C.
Antagonistic interactions among 36 bacterial strains were tested by the cross-streak method (Arasu, Veeramuthu and Savarimuthu 2013; Thirumurugan and Vijayakumar 2015) using a 36 × 36 (total 1296) array of tests, as described in Maida et al (2016) . All tests were performed in TSA medium. Antagonism assays were performed both with petri dishes with or without a septum separating the two hemi-cycles. In petri dishes without septum, the inhibitory activity might be due to both the presence of volatile and of molecules diffusing in the agar medium; in petri dishes containing a central septum, the inhibition is due to the production of volatile compounds only, since the septum physically separates the two chambers hosting the tester and the target strains, respectively.
Statistical analysis of phenotypic results
Phenotypic characterization results were organized in a table with different colors corresponding to different levels of growth/inhibition. For both heavy metals and antibiotic resistance pattern experiments, a positive control consisting on the bacterial inoculum in MHB medium was assessed to verify the growth of each strain in the absence of heavy metal or antibiotic. A negative control, consisting of MHB medium, was also set up in triplicate in each microplate, to verify the absence of any external contamination. The OD 600 value measured after 48 h incubation at 21
• C for the positive control, was considered as the 100%
value. All the other measured values corresponding to the different concentrations of each tested substance, were reported as percentage of growth in proportion to the positive control. The data matrix containing the data of growth expressed as % on the positive control has been used for statistical analysis (UPGMA with Bray Curtis distance measure, and PCA) with PAST3 software (Hammer, Harper and Ryan 2001) , as described in Mengoni et al (2014) . The results from the cross-streak inhibition assay were organized in two distinct inhibition matrices representing the test performed with both petri dishes with or without septum; in each matrix, rows stand for a target strains and each column stands for a tester strain, as described in Maida et al (2016) . The inhibition values corresponding to three different inhibition levels observed during the cross-streak experiment are complete (red), strong (orange), weak (yellow) and absence (white) of inhibition.
RESULTS
Physico-chemical characterization of river water and epilithic biofilms
The values of the measured water variables are resumed in Table 1 ; the concentration of heavy metals tested in the biofilms is shown in Table 2 . The pH of the river water was 6.5, and the conductivity was 1133 μS/cm. Data obtained revealed that water samples collected in the Acquarossa river were enriched in iron (total content 1.788 mg/l). The Fe 2+ and Fe 3+ content in the Acquarossa river water was 0.733 and 1.05 mg/l, respectively. The total iron content within epilithic biofilm matrix was about four orders of magnitude higher in respect to river water content. Moreover, total iron content of red epilithic biofilm was five times higher than black epilithic biofilm. Quantification of Cd, Ni, Cu, As and Zn revealed that these heavy metals accumulated in the epilithic biofilms. Particularly, the heavy metals content within the biofilm matrix was almost 100 times higher for Cd, 100-1000 times higher for Ni, Cu and As, and up to 10 4 times higher for Zn respect to the river water.
HTS analysis
Sequencing yielded 6 804 040 paired sequences (2 × 300 bp) with a mean of 567 003 sequences per pair. More than 50% of the initial pairs were correctly merged (1 822 737 sequences) with a mean of 151 894 sequence per sample. Quality filtering step produced 1 238 851 high-quality sequences that were clustered into 1850 OTUs. Representative sequences for each OTU were correctly classified into 276 genera, 212 families, 114 orders, 84 classes and 35 phyla according to the RDP database (see Materials and Methods). Sequences were correctly mapped to OTUs with 80 262 sequences per sample on average. Samples from red and black epilithon showed similar degree of bacterial diversity according to the main indices computed (Table 3) . Indeed, no significant differences were found between the two biofilms studied (Student's t-test). The taxonomic distribution of bacterial phyla in each biofilm, obtained through HTS of the 16S rRNA gene, is reported in Fig. 2 . Both epilithons were characterized by a dominance of Proteobacteria (ranging from 41% to 89%), followed by Bacteroidetes and Acidobacteria (ranging from 0.5% to 20% and from 2% to 37%, respectively). Replicates from red epilithon appeared to be more homogeneous in respect to replicates from black epilithon. This finding was also confirmed by a principal component analysis (PCA, Fig. 3 ) revealing that black epilithon samples were more different than those coming from the red one, spanning a higher range of the plot. However, both multivariate analysis of variance and environmental fitting on PCA did not support a statistically significant difference in the whole community assemblage (P = 0.1; environmental fitting, R 2 = 0.8; P = 0.1).
At a finer scale, 14 OTUs were more represented in red epilithon samples whereas only one was more abundant in black epilithon (zero-inflated log-normal model, p < 0.05, adjusted using false discovery rate correction) (Fig. 4) . Interestingly, while Gammaproteobacteria appeared the most abundant class in red epilithon (Fig. 2) , at OTU level, there was a dominance by members of Betaproteobacteria, as members of Gallionellaceae family (15%), Sideroxydans species (11%) and Gallionella species (11%). On the contrary Acinetobacter was the dominant genus in black epilithon.
Culturable bacterial community analysis and taxonomic diversity
Analysis of the concentration of heterotrophic cultivable bacteria in red and black epilithic biofilm samples revealed that they contained from 5.9 × 10 4 to 7.5 × 10 7 CFU/g (Table 4 ). No significant differences between the two epilithons were detected (p > 0.5).
To check the structure and the composition of the cultivable bacterial communities isolated from the two epilithons, we used a two-step strategy. First, we amplified the 16S rRNA gene from bacterial isolates randomly chosen coming from the two epilithons. Once we obtained a phylogenetic affiliation, a RAPD analysis was carried out to check if the different bacterial isolates corresponded to the same or different strains.
Phylogenetic analysis of 16S rRNA gene sequences from the bacterial isolates obtained (Fig. 5) revealed that the black epilithon was dominated by bacteria affiliated to Acinetobacter sp. (56.6% vs 6.5% of red epilithon), whereas Pseudomonas sp. was prevalent in red epilithon (53.2% vs 8.5% of black epilithon). Curtobacterium sp. and Sphingobacterium sp. were detected in black epilithon samples, but with low percentages (7.8% and 2.3% respectively). Bacillus sp. and Aeromonas sp. were two other bacterial genera contributing to the differentiation of the two kinds of biofilm; Bacillus sp. was mostly present in black epilithon (12.4%) with respect to red epilithon (3.2%) while Aeromonas sp. showed a greater abundance in red epilithon (16.1%) with respect to black epilithon (1.6%). Even though the Chao1 index was higher in black epilithon than in the red one (11.33 vs 9), and the Evenness value was higher in red epilithon (0.5313) than in the black one (0.4212), the differences were not statistically significant (p = 0.07 in both cases). On the contrary, Shannon index was significantly different in the two epilithons (p = 0.006), showing a value higher in red than in black epilithon (1.565 vs 1.533, respectively).
A good correlation between the taxonomic composition (at the genus level) detected with both culture dependent and culture independent methods was found (Fig. S1 , Supporting Information). Pseudomonas and Acinetobacter were among the most abundant genera detected in both black and red epilithons, with the former exhibiting a higher presence in the cultured isolates than in HTS analysis.
Due to the dominance of cultivable Acinetobacter or Pseudomonas in the two epilithons, we further inspected the genetic structure and the degree of strain sharing of the Acinetobacter and Pseudomonas populations associated to the two epilithons using the RAPD technique. The analysis was performed on a total of 77 and 44 Acinetobacter sp. and Pseudomonas sp. isolates, respectively. Each RAPD fingerprinting obtained was compared with the other ones to split the bacterial isolates into groups (or haplotypes), very likely corresponding to different strains. Data revealed that the 77 Acinetobacter and the 44 Pseudomonas strains were split into 12 and 19 RAPD haplotypes, respectively, and the two epilithons harbored distinct populations of Pseudomonas and Acinetobacter (Tables S1a and b, Supporting Information). Moreover, the higher values of richness and diversity indices calculated for the cultivable fraction of bacterial communities in red and black biofilms suggested that the genetic diversity of Pseudomonas community was higher than that of the Acinetobacter one (Table S2 , Supporting Information). Very interestingly, the two epilithons did not share any Pseudomonas and/or Acinetobacter strain, suggesting the existence of a hidden/unknown factor driving the structuring of these communities. The phylogenetic analysis on Acinetobacter sp. (Fig. S2 , Supporting Information) and Pseudomonas sp. strains (Fig. S3, Supporting Information) , confirmed the separation of the strains in the different haplotypes detected by RAPD analysis. Indeed, data revealed that isolates exhibiting the same RAPD profile, clustered together in the phylogenetic tree. Moreover, the phylogenetic analysis confirmed the higher genetic diversity of Pseudomonas in respect to Acinetobacter strains.
Phenotypic characterization of Pseudomonas and Acinetobacter community
In order to obtain insights into the (different) phenotypic features of Acinetobacter and Pseudomonas strains, some phenotypic tests (resistance to heavy metals and antibiotics, antagonistic interactions) were carried out on a panel of 13 Acinetobacter sp. strains (3 from red epilithon and 10 from black epilithon) and 23 Pseudomonas sp. strains (8 from black epilithon and 15 from red epilithon), representative of all the identified RAPD haplotypes. The Pseudomonas and Acinetobacter strains exhibited different resistance patterns to antibiotics (Table S3 , Supporting Information); this was particularly evident for Streptomycin and Rifampicin. Indeed, most Pseudomonas strains grew at Streptomycin concentrations up to 10-50 μg/ml, while most Acinetobacter strains grew up to 5-10 μg/ml. Similarly, Pseudomonas strains were able to grow at Rifampicin concentrations up to 5-10 μg/ml, while Acinetobacter strains were sensitive to all the tested concentrations of this antibiotic.
Concerning heavy metals, Pseudomonas strains were more sensitive to Arsenate than Acinetobacter ones; on the contrary, Pseudomonas could grow on Cadmium (up to 5 mM), while Acinetobacter were sensitive to all the Cadmium tested concentrations. When analyzed separately, heavy metals resistance patterns did not reveal any strong separation between Acinetobacter and Pseudomonas communities (Fig. 6a) ; conversely, antibiotic resistance patterns allowed a strong and complete separation between the two distinct communities (Fig. 6b) . Antagonistic interactions experiments carried out between Acinetobacter sp. and Pseudomonas sp. and between strains belonging to the same genus (Acinetobacter vs Acinetobacter and Pseudomonas vs Pseudomonas) using single-chambered petri dishes highlighted a strong inhibitory activity of Pseudomonas sp. strains against the Acinetobacter strains and a moderate inhibitory activity between Pseudomonas sp. strains (Table 5 , upper part). Moreover, since it is known that bacterial strains can produce volatile organic compounds that may inhibit the growth of other bacteria (Papaleo et al. 2013) , the same experiments were carried out using two-chambered petri dishes with a central septum physically separating the tester strain from the target ones. Data obtained are shown in Table 5 (lower part) whose analysis revealed that the Pseudomonas sp. strains were less active against Acinetobacter strains; moreover, the inhibition among Pseudomonas strains disappeared completely. On the other side, Acinetobacter sp. strains exhibited an almost complete absence of inhibition activity against Pseudomonas, either with single-chambered or two-chambered petri dishes, with the only exception represented by Acinetobacter strain 1.7, which showed a slightly moderate inhibitory activity vs Pseudomonas strains when grown on single-chambered petri dishes.
DISCUSSION
The Acquarossa river (Viterbo, Italy) represents a still unexplored site of naturalistic interest. To the best of authors' knowledge this is the first study exploring the structure and complexity of bacterial communities of rock biofilms along the river course, focusing on both chemical and microbiological aspects. Data obtained in this work shed some light on the role that biotic factors might play in driving the structuring of the bacterial communities of rock biofilms.
On the basis of HTS data, iron-oxidizing bacteria, mainly related to Sideroxydans sp. and Gallionellaceae represent an important fraction of the entire microbiota of the red-colored biofilms. It is known that freshwater iron-oxidizing bacteria are a group of bacteria associated to aqueous environments containing appreciable concentrations of Fe(II) (Emerson, Fleming and McBeth 2010; Emerson et al. 2013 form, while the 40% is in the form of Fe 2+ . The presence of high amounts of Fe 2+ in the river is favoured by pH (about 6.5 in the flowing water) (Hem and Cropper 1960) thus sustaining the activity of iron-oxidizing bacteria (Emerson, Fleming and McBeth 2010) and deposition of iron hydroxides in biofilms dominated by these microorganisms. Therefore, the red color shown by this biofilm might be related to the presence of iron hydroxides that accumulates within the biofilm matrix (presumably due to the formation of Fe 2 O 3 ) (Fig. 1c) . The color of the black epilithon might be due to the presence of other compounds in the river water. One possible explanation might be related to the presence of iron sulfides, which are known to form a black colored precipitate (Berner 1964) and that can be the result of the combination of Fe 2+ with S (Table 1) by sulfate-reducing bacteria in the biofilm matrix. HTS data revealed the presence of sulfate-reducing bacteria affiliated to Nitrospirae and Deltaproteobacteria both in red and black epilithic biofilms (Fig. 2) . Among them, the analysis of OTUs at genus level revealed the presence of sulfate reducing Desulfobulbus and Desulfuromonas. However, the multivariate analysis of variance did not show any significant difference in the whole community assemblage between the two epilithons (p = 0.1), and as a consequence, there are not significant differences in sulfate-reducing bacteria distribution within the two biofilms. Hence, it might be possible that other bacterial and/or archaeal groups not analyzed in this work could carry out the chemical reaction leading to the production of black precipitates characterizing this biofilm. The prevalence of Proteobacteria in red and black epilithons might be expected since Proteobacteria dominance in epilithic biofilm has been already reported from different environments (e.g. Bartrons, Catalan and Casamayor 2012; Ragon et al. 2012) . Moreover, it has been reported that a limited number of dominant bacterial phyla (<10) prevails in rock biofilm bacterial communities (McNamara and Mitchell 2005) . The bacterial communities in black and red epilithons were dominated by Acinetobacter and unclassified Gallionellaceae, Sideroxydans sp. and Gallionella sp., respectively. The HTS data partially agree with those obtained using culturedependent approach: indeed, strains affiliated to Acinetobacter spp. were more abundant in black epilithon samples, whereas Pseudomonas sp. prevailed in red epilithon ones (Fig. 5) . This discrepancy in the red epilithon might be explained as bacteria belonging to the genera Gallionella and Sideroxydans don't grow on the TSA medium, hence, they might have not been isolated by the culture conditions used in this work. Indeed, they are considered 'iron bacteria' because they are able to oxidize iron (Emerson, Fleming and McBeth 2010) and live in environments with high iron concentration, preferentially at the oxic-anoxic interfaces.
Bacterial plate counts gave comparable results in both red and black epilithon samples revealing that there was not a significant difference between the two biofilms. This result suggest that the fractions of cultivable and non-cultivable bacterial communities are comparable in the two environments and do not contribute to the differences between the red and black epilithon.
The complete absence of RAPD haplotype sharing between red and black epilithon both for Acinetobacter and Pseudomonas, suggests that the two communities are genetically differentiated at the strain level. These findings are in agreement with previous data suggesting that when two communities co-exist in the same environment and are spatially and physically in contact with each other, there could be some selective pressure that create and/or maintain a barrier to the free intermix of bacterial strains (Chiellini et al. 2014 and references therein) . This selective pressure might likely be due to biotic conditions such as the Table 5 . Results from the cross-streak inhibition assay performed with petri dishes without (upper) or with (lower) septum. Rows stand for target strains and each column stands for a tester strain. The inhibition values corresponding to three different inhibition levels are as follows: complete (red), strong (orange), weak (yellow) and absence (white) of inhibition; n.d. stands for 'not determined' tests. Red and black numbers indicate strains isolated from red and black epilithon, respectively. production of antibacterial compounds, as previously shown for other bacterial communities (Mengoni et al. 2014; Maida et al. 2016) .
Concerning the resistance to antibiotics and heavy metals, UPGMA performed on data from heavy metals (Fig. 6a) and antibiotics ( Fig. 6b) resistance patterns, revealed quite different scenarios. Concerning heavy metals, Acinetobacter and Pseudomonas populations share similar resistance patterns (Table  S3 , B, Supporting Information). Overall, these findings might suggest that the presence of heavy metals in such environment (abiotic factor) might not be a driving force for the evolution of the two separated communities inhabiting the red and the black epilithons. On the contrary, the resistance patterns towards antibiotics (Table S3 , A, Supporting Information) were completely different between the two populations; indeed, Acinetobacter and Pseudomonas cluster separately (Fig. 6a) . Hence, the resistance pattern towards antibiotics (biotic factor) might represent (at least) one of the factors responsible for the physical separation of the different bacterial communities in the two biofilm types. This is in agreement with data obtained with other reports concerning the structuring on bacterial communities isolated from different compartments (Mengoni et al. 2014) . Pseudomonas spp. population showed higher resistance levels towards the tested antibiotics in respect to the Acinetobacter spp. one. The comparison of our results with other published data is not easy to perform due to the scarcity of similar studies at environmental scale. One example can be given by Acinetobacter sp. and Pseudomonas sp. strains associated with fish and water from Congonhas river, that revealed no significant differences in resistance patterns towards Streptomycin at concentration of 10 μg/ml (Sousa and Silva-Souza 2001) .
The RAPD and phylogenetic analysis performed for the two bacterial groups suggested that Pseudomonas constitutes a panmictic population and dominates the red epilithon, while Acinetobacter is a clonal population that dominates the black epilithon. Bacteria are naturally organized in clonal populations due to binary fission; however, the occurrence of horizontal gene transfer might shift the genetic structure of populations to panmictic (Vogel et al. 2003) .
Moreover, it is known that in natural communities the release of toxic/antagonistic compounds synthesized by some bacteria can prevent the invasion from other (micro)organisms by creating an inhospitable zone for competitors Stubbendieck, Vargas-Bautista and Straight 2016) . The competition for space and resources and the production of molecules with inhibiting potential against other organisms represent an advantage for the colonization of a niche by bacteria, as previously suggested by the few studies on this issue (Pérez-Gutiérrez et al. 2013) .
It has also been reported that antagonistic interactions between bacterial strains belonging to the same or to different taxa might play a role in driving the structuring of microbial communities (Maida et al. 2016) . Cross-streaking experiments (Table 5 ) performed in this work demonstrated that Pseudomonas sp. strains are able to inhibit the growth of Acinetobacter sp. strains by synthesizing diffusible (and very likely not volatile) antibiotic compounds. The ability of Pseudomonas sp. strains in synthetizing antibiotic compounds has been previously documented (e.g. Raaijmakers, Weller and Thomashow 1997; Haas and Keel 2003) . This finding strongly supports the importance of the antagonistic interaction (biotic factor) as a driving force for the assembly of microbial communities in those environments that are spatially structured, such as biofilms (Pérez-Gutiérrez et al. 2013) . This might suggest that the molecule(s) synthesized by Pseudomonas strains and able to inhibit the growth of Acinetobacter can diffuse within the biofilm and might be responsible for the structuring of the two distinct biofilms characterizing the black and the red epilithons. Indeed, diffusion has been previously demonstrated as being the prevalent transport process for molecules in biofilms (Stewart 2003) . Considering that the black and red epilithons never mix but they are spatially located close to each other, 'diffusion' might be the main mechanism, if not the only one, acting in these environments, since molecules can easily diffuse/flow between cells; indeed, in aquatic environment-such as the Acquarossa river-molecules produced by bacteria are carried off the cell and there is a low probability that they might reach neighbor bacteria (Watnick and Kolter 2000) .
CONCLUSION
The structuring of bacterial communities in black and red epilithic rock biofilms in Acquarossa river (Viterbo, Italy) has been investigated by means of cultivation and unculturable dependent approaches. In both cases, differences in taxonomic composition of black and red epilithon were highlighted. While black epilithon is dominated by Acinetobacter sp., bacteria inhabiting red epilithon are most iron-oxidizing strains. The proportion of culturable and non-culturable fractions of the community, as well as the resistance patterns towards heavy metals, do not seem to affect the differential structuring of the communities. On the other side, antibiotic resistance patterns and, in a larger proportion, the antagonistic interactions between the dominant bacterial genera seem to affect the whole structuring of red and black epilithic biofilms. These findings enforce the role of biotic factors as responsible for the structuring of natural bacterial communities. Overall, the study suggests that there is a selection of population at very small scale, and that different population might compete for different niches.
